The global climate has changed significantly, characterized by the warming of the surface air temperature, which seriously affects public health. We examined the trends of extreme temperatures, heat waves and cold spells in a subtropical city of Guangzhou, China, during 1951. Specifically, the relationship between ENSO (El Niño-Southern Oscillation) events and heat waves/cold spells was discussed. The results of linear regression showed the annual mean temperature and extreme warm days increased (0.14 • C/decade and 6.26 days/decade) while extreme cold days decreased significantly (1.77 days/decade). Heat waves were more frequent, longer lasting and had stronger intensity over the past 65 years. In addition, the frequency, duration and intensity of heat waves were correlated with annual Atlantic Multi-decadal Oscillation (AMO) and Indian Ocean Basin-wide Warming (IOBW), while there were no significant differences in the characteristics of heat waves among an El Niño year, a La Niña year and a Neutral year. In contrast, neither significant trend nor association with ENSO events was observed for cold spells. In conclusion, our study indicated an obvious increasing trend for all aspects of heat waves in Guangzhou, China.
Introduction
The Earth's climate system has undergone tremendous changes since the early days of industrialization, some of which were due to human activities [1] . As a result, the global climate has changed significantly, characterized by the warming of the surface air temperature over the last 100 years or so, with an approximate increase of 0.85 • C (0.65-1.06 • C) in global average combined land and ocean temperatures during the period 1880-2012 [1] . Particularly, it has been observed that the frequency, duration and intensity of heat waves have increased in some regions, leading to significantly adverse impacts on economy, agriculture and public health [2] [3] [4] . Furthermore, scenario-based projection research indicates that global averaged surface temperature is projected to increase by 1.4 to 5.8 • C over 1990 to 2100 [5] , which may increase future heat-related morbidity and mortality [3] [4] [5] [6] .
While extreme warm days increase, extreme cold days may decrease [7] . There is increasing evidence that the global warming is very likely attributable to anthropogenic increases in greenhouse gas (GHG) concentrations. Human influence has altered sea level pressure patterns globally [1] . Both GHGs and stratospheric ozone depletion have contributed to the observed poleward shift of the southern Hadley Cell border and the positive trend in the Southern Annular Mode in Austral summer [8] . The changes in the broad-scale circulation patterns have an important impact on regional temperature conditions [9] [10] [11] . A number of studies have shown that the rate of warming varies by region, climate and study period, and different measures of temperature extremes may present different trends [12] [13] [14] [15] . For example, the frequency of extreme cold temperatures showed a statistically significant decrease, but the increase in extreme warm temperatures was not statistically significant in Toronto probably because the statistical power was limited as a result of the relatively short period of 30 years (1971-2000) [12] . The trends in number, total days, mean duration days of heat waves for 1951-2008 increased more significantly than 1971-2008 in Australia [13] . In India, the frequency of cold nights decreased considerably over 1969-2005 and the trends in the number of warm days increased significantly only in the interior peninsula [7, 14, 15] . In western Eurasia, a rapid increase in regional heat waves was observed since 2010, which was associated with the increasing frequency of large-scale, quasi-stationary positive centers of maximum height anomalies in the upper troposphere and the phase change of the Atlantic Multi-decadal Oscillation (AMO) [9, 16, 17] . The regional differences in historical trends of extreme temperatures need to take into account projected temperature increases under climate change scenarios and assessment of the impacts of climate change. In order to provide a full picture of climate change to the public and politicians, more studies in different parts of the world are required and would help regional decision makers in planning adaptation strategies.
In mainland China, Hou el al. [18] reported the regional mean temperature increased by 0.14 • C per decade over 1961-2007 in East China. Moreover, Zhang et al. [19] reported that the increase in surface air temperatures occurred mainly in the northeast and the northwest over 1960-2005, while a decline was observed in the south. Ye et al. [15] also observed spatial variations of heat waves in China from 1961 to 2010 and found an increasing trend in the central part of South China. These changes have been linked with the El Niño-Southern Oscillation (ENSO) and atmospheric circulations in the East Asian summer monsoon (EASM) [20] [21] [22] .
In this paper, Guangzhou, the capital city of Guangdong Province, which is the largest city of southern China and the third largest city in China, was chosen as the study area where extreme hot events are particularly serious because of typical subtropical climate and the urban heat island effect since the population increased from about 1 million in 1951 to 14 million in 2015. We examined the long-term trend of extreme temperatures, heat waves and cold spells in terms of frequency, intensity and duration over 1951-2015 and determined the potential association with ENSO events.
Materials and Methods

Data Collection
Daily temperature data in Guangzhou over 1951-2015 were collected from the China Meteorological Data Network [23], including daily maximum, mean and minimum temperature. Historical data of El Niño and La Niña episodes during the study period are available at the website of Climate Prediction Center of National Oceanic and Atmospheric Administration (NOAA) [24] . Monthly data of AMO and Indian Ocean Basin-wide Warming (IOBW) were downloaded from the website of the National Climate Centre [25, 26] .
We defined extreme warm day by daily maximum temperature higher than the 90th percentile and extreme cold day by daily minimum temperature lower than the 10th percentile during the whole study period . These definitions have been widely used in previous studies [27] [28] [29] . However, there is no consistent definition of heat waves and cold spells in the literature given variations in regions and sectors. It is usually based on some specific quantities or absolute of temperature but also involves some complex definitions related to duration, intensity and persistence of extreme events. In this study, heat waves and cold spells were identified based on the definitions proposed by the Chinese National Bureau of Meteorology [27, 30, 31] . In short, a heat wave is defined by daily maximum temperature ≥ 35 • C for three or more consecutive days. A cold spell is identified when daily mean temperature decreases by 10 • C over 48 h that results in daily minimum temperature ≤ 5 • C. Daily mean temperature ≥ 12 • C and daily minimum temperature > 5 • C means the end of the cold spell. We calculated the number of heat waves/cold spells in each year from January to December.
The maximum value of daily maximum temperature during a heat wave and the minimum value of daily minimum temperature during a cold spell were used as a measure of the intensity. In addition, a threshold of ±0.5 • C for the Oceanic Niño Index (ONI), calculated by the 3-month running mean of ERSST v4 SST anomalies in the Niño 3.4 region (5 • N-5 • S, 120 • W-170 • W), was adopted when identifying an El Niño year, a La Niña and a Neutral year [32] .
Statistical Analysis
Linear regression models of yearly data were constructed to detect the linear trend of the annual mean temperature and heat waves/cold spells. The trend was presented as changes per decade. Some previous studies suggested that heat wave activity is associated with an ENSO event [14, 33] . During the study period of 1951-2015, 85 heat waves were identified in Guangzhou, among which 84 occurred in June-September and only one occurred in May. Therefore, for the analysis of the association between heat waves and ENSO events, we used the Oceanic Niño Index (ONI) in June-August (JJA) to identify an El Niño year, a La Niña and a Neutral year. As 14 cold spells during the study period occurred in December-February, all the cold spells were also stratified by an El Niño year, a La Niña and a Neutral year defined by the ONI in December-February (DJF) [32] . A one-way ANOVA (Analysis of Variance) test was used to compare the frequency, duration and intensity of heat waves/cold spells among El Niño years, La Niña years and Neutral years. Moreover, linear correlation analysis was used to explore the associations between the frequency, duration and intensity of heat waves/cold spells and AMO/IOBW. All analyses were conducted using R 3.3.1 (R, Auckland, New Zealand) and SAS 9.4 (SAS Institute Inc., Cary, CA, USA). Table 1 Figure 2 shows a significant linear trend for both annual extreme warm days and annual extreme cold days. The number of extreme warm days increased by 6.26 days per decade, while the number of extreme cold days decreased at a rate of 1.77 days per decade. For the 85 heat waves observed in Guangzhou during the study period of 1951-2015, the mean duration of all heat waves was 4.12 days. The longest two heat waves occurred in August 1990 and in October 2000, which both lasted 13 days. The day of heat waves was 1 July 2004 with a maximum temperature of 39.10 • C. There was a statistically significant increase in annual frequency, total duration, maximum duration , mean duration and intensity of heat waves (Figures 3 and 4) , with an increase of 0.50, 2.27, 0.83, 0.52 and 0.21 per decade, respectively(p < 0.01) Moreover, the result of ANOVA indicated that there were no significant differences in frequency, total duration, maximum duration, mean duration and intensity of heat waves among El Niño years and La Niña years and Neutral years (p = 0.92, 0.60, 0.80, 0.53 and 0.40, respectively).
Results
The time series of AMO and the characteristics of heat waves are shown in Figure 5 . We found significant linear correlations between annual AMO and the frequency, total duration, maximum duration, mean duration and intensity of heat waves with Pearson correlation coefficients of 0.64, 0.61, 
Discussion
In this study, we examined the trend of heat waves and cold spells in Guangzhou over a long period of 65 years. Additionally, we analyzed the correlation between heat waves/cold spells and ENSO events based on the data collected over the several past decades in China, where the correlation is speculated to be higher compared to other regions [34] . Moreover, the correlations between AMO/IOBW and the characteristics of heat waves, including frequency, duration and intensity, were explored.
During the study period, we observed an increase rate of 0.14 °C per decade in the annual mean temperature in Guangzhou, which was higher than both the national rate (0.09-0.15 °C/decade) and the global rate (0.064 °C/decade) reported in the Third National Assessment Report on Climate Change in China [35] and the Fifth Assessment Report of the 
During the study period, we observed an increase rate of 0.14 • C per decade in the annual mean temperature in Guangzhou, which was higher than both the national rate (0.09-0.15 • C/decade) and the global rate (0.064 • C/decade) reported in the Third National Assessment Report on Climate Change in China [35] and the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [1] . We found annual extreme warm days increased by 6.26 days per decade while annual extreme cold days decreased by 1.77 days per decade. The increase in temperature may be explained by the continued decrease of the Arctic ice in the last 35 years (1979-2013) , which resulted in the warming and moistening of the lower troposphere and increases in cloud cover and precipitation, and had remote impacts on mid-latitude weather changes [36, 37] . The variations of net solar radiation may also be related to the decrease in annual minimum temperature [19, 38] . Particularly, urbanization, with increasing air pollution aerosols and urban albedo, partly explains the increasing trend of annual maximum temperature in the urbanized areas.
We observed an obvious increase in various aspects of heat waves including annual frequency, total duration, maximum duration, mean duration and intensity in Guangzhou. Some previous studies also reported an increasing trend of frequency and duration of heat waves in Southwest China, China, Indian and Australia [13] [14] [15] 39] . However, it is worth mentioning that Ye et al. [15] reported a decreasing trend of intensity from the early 1960s to the mid-1980s and a significant increasing trend from the early 1990s to 2010 in China. By contrast, Ma et al. [39] found a decrease trend of the intensity in Southwest China during 1961-2010 and Boschat's study in India did not observe significant trends in the intensity of heat waves [40] . Different regions, climate conditions, study periods, and definitions of intensity may result in the inconformity about the variation of heat wave intensity. It is worth mentioning that the detrended data (i.e., subtracting a temperature of 0.14 • C per decade) still resulted in a significant increase in the duration and intensity of heat waves (p < 0.05), indicating that the increase in heat waves cannot only be explained by the shift of probability distribution of temperature to the right but is also attributed to increasing variations.
Similar to Boschat's study in India, there was no apparent association between the characteristics of heat waves and ENSO events in our study [40] . Some studies have suggested the delayed effects of ENSO events on climate anomalies in China [20, 33, 34] . Heat waves may be not related to concurrent ENSO events, because of the lag between the responses in atmospheric circulation to the change in the sea surface temperature. Many studies have indicated the connection between heat waves and the sea surface temperature. In addition, a correlation between the sea surface temperature and the diurnal temperature range (DTR) and precipitation has been reported previously [41] [42] [43] [44] . Consistent with the findings over the Northern Hemisphere and Arabic regions [41, 45] , significant correlations between the characteristics of heat waves and AMO/IOBW were found in our study, probably because all the variables showed an increasing trend. This explanation was proved by the fact that the linearly detrended data did not exhibit such correlation.
It was obvious that cold spell events were sparser than heat wave events in Guangzhou. The subtropical monsoon climate, global warming and the acceleration of urbanization result in fewer cold days in Guangzhou. Similar to the cold spell study in Hong Kong [32] , no statistically significant relationship between annual frequency, mean duration and intensity of cold spells and ENSO events was found. However, we observed 9 cold spells in 24 El Niño years as compared to 3 in 19 La Niña years and 2 in 22 Neutral years. Cold spells in Guangzhou may be likely to happen in El Niño years with a marginal significance (p = 0.08).
There are some issues that need further study. Firstly, we only analyzed the association between air temperature and ENSO events. In the next step, our research scope will be extended to the air pollutants, rainfall, droughts, or even parasitic diseases such as malaria, chickenpox in the whole of China, even Southeast Asia. Secondly, considering the integrity of the data, the ocean data from two countries were used in our study. This could cause heterogeneity in the original data. Thirdly, we examined the long-term trends of heat waves and cold spells during the whole study period of 65 years. It would be interesting to further explore whether the variation trend of the characteristics of climate events changes over time. Lastly, we did not identify effects of ENSO events on heat waves in the concurrent year, while we cannot ignore the possibility of delayed effects.
Conclusions
The number of annual extreme warm days increased and annual extreme cold days decreased significantly during the past 65 years in Guangzhou, China. There was a consistent increasing trend of frequency, duration and intensity of heat waves. We revealed significant positive correlations between annual AMO/IOBW and the frequency, duration and intensity of heat waves. However, there was no obvious trend of cold spells. In addition, we did not observe significant differences in characteristics of heat waves/cold spells among El Niño years and La Niña years and Neutral years. Our study contributes to better understanding of the trend of extreme temperatures. Moreover, the findings in our study would help to develop reasonable policies for coping with heat waves/cold spells.
